ABSTRACT Our study was conducted to determine the effects of dietary phytase on a natural Eimeria challenge in naive and vaccinated broilers. Prior to the experiment the litter was seeded with Eimeria by orally infecting 10-d-old chicks with a cocktail containing 100,000 and 5,000 sporulated Eimeria acervulina and Eimeria tenella oocysts, respectively. Straight-run broiler chicks were placed across 48 floor pens on fresh or seeded litter. Eight treatment combinations were created to include 2 dietary Ca-nonphytate P (npP) levels [0.9% Ca, 0.45% npP; 0.7% Ca, 0.35% npP, 500 phytase units of Optiphos phytase (JBS United, Sheridan, IN)], unchallenged versus challenged, and unvaccinated versus vaccinated groups of chicks. Body weights and feed consumption (FC) were recorded on d 10, 18, and 21. A total of 10 birds/treatment were killed on d 10 and 18 to obtain tissue samples from the duodena and ceca for lesion scoring and cytokine response measurement. At 21 d of age, the left tibia was removed from 18 birds/treatment to assess bone strength. Body weight, FC, and bone strength were unaffected (P > 0.05) by diet or vaccination. By d 21, birds exposed to coccidia had lower FC (P < 0.01), higher feed conversion (P < 0.001), and decreased bone strength (P < 0.01) compared with those not challenged. Regardless of treatment, gross and microscopic scoring of the intestines showed few differences (P > 0.05). Expression of interferon-γ did not differ (P > 0.05) in the duodena or ceca at either time point. The IL-17 gene expression was increased (P < 0.05) in phytase-supplemented, vaccinated, or challenged birds by 18 d of age, with significant interactions (P < 0.05) occurring between birds challenged and fed the marginal diet or vaccinated. Phytase supplementation was unable to provide additional benefits to performance or P utilization in birds vaccinated, subjected to a coccidiosis infection, or both. Based on cytokine production in the intestinal tract on d 10 and 18 postchallenge, the response to the Eimeria challenge was characterized by a T-helper type (Th) 17-like immune response and to a lesser extent a Th1-like immune response, whereas no Th2 cytokine was detected.
INTRODUCTION
Coccidiosis is one of the most common diseases to affect poultry. It is caused by intracellular protozoan parasites of the genus Eimeria, which multiply in the intestinal lumen and cause tissue damage. Coccidial infections can lead to reductions in performance (Matthews and Southern, 2000) , lower intestinal pH (Fox et al., 1987; Giraldo et al., 1987) , and alter absorption of certain nutrients (Willis and Baker, 1981) . Several studies demonstrated that birds undergoing a coccidiosis infection have decreased absorption for Ca, P, or both (Turk, 1973; Takhar and Farrell, 1979; Giraldo et al., 1987) , and a decline in tibia ash, which is associated with a decline in mineral absorption (Watkins et al., 1989; Ward et al., 1990) .
Phytic acid, which is present in high amounts in the industry-typical corn-soybean meal diet, is also known to bind Ca and P. Phytase enzymes initiate the release of phosphates from phytic acid, making it available for absorption (Zwart, 2006) . Releasing these phosphate groups eliminates the ability of phytic acid to complex with Ca, allowing this mineral to be available for intestinal absorption. In addition to ameliorating the negative effects of phytate in the digestive tract, phytase supplementation has been shown to significantly increase the proliferation of blood lymphocytes in healthy broilers as a result of the increased concentrations of lower inositol phosphates (Liu et al., 2008) . Liu et al. (2008) also noted an increased production of both CD4 + (Thelper) and CD8 + (cytotoxic T) cells following phytase supplementation. The observations that dietary Ca phosphate addition improved resistance to intestinal infections and resistance to colonization by pathogens (Bovee-Oudenhoven et al., 1997; Ten Bruggencate et al., 2004) and that Ca levels regulate reactive oxygen species production by polymorphonuclear cells (Takaya et al., 2009 ) demonstrate the importance of Ca and P on intestinal immunity. Furthermore, phytase increases intestinal IgA levels as well as blood T-helper and cytotoxic T cells (Liu et al., 2008) , which raises the possibility that phytase addition may influence resistance to Eimeria spp.
Live coccidia vaccines reduce the negative effect of coccidiosis. They enhance the natural immunity of the chicken by recurrent low dose exposure of coccidia oocysts (Chapman et al., 2002; Williams, 2002 Williams, , 2003 . The disadvantage to live vaccination is that it can lead to reductions in early growth, which is often associated with increased incidence of secondary enteritis (Chapman et al., 2002 ). An alternative to vaccination is the use of coccidiostats in the feed. Ionophores are commonly used to control coccidiosis in broiler chickens by altering ion transport and disrupting osmotic balance, which damages the coccidia sporozoites during their release into the lumen.
Following exposure to Eimeria spp., either naturally or via vaccination, both antibody and cell-mediated immune responses are induced and include the secretion of cytokines and chemokines by T cells, which play an important role in generating protective immunity (kaiser et al., 2005) . Some of the key cytokines in providing T-helper activity are interferon-γ (IFN-γ), IL-4, and IL-17. Interferon-γ is a T-helper type 1 (Th1) cytokine that activates the phagocytic potential of macrophages, cytotoxic potential of natural killer cells, and cytotoxic T lymphocytes, which are important in the host's defense against coccidia (Lillehoj and Trout, 1996; Lillehoj and Choi, 1998) . The induction of IFN-γ expression has been used to measure the T-cell response to coccidial antigens (Prowse and Pallister, 1989; Martin et al., 1994) . In general, IFN-γ production is lower in uninfected chickens compared with those infected with Eimeria spp., and higher levels of IFN-γ coincide with a protective immune response to the infection (Lillehoj and Trout, 1996; Min et al., 2003; Hong et al., 2006) .
Interleukin-4 is produced by Th2 cells to combat parasite invasion (Avery et al., 2004; Mowen and Glimcher, 2004; Degen et al., 2005) , whereas IL-17 is an inflammatory cytokine produced by T-helper type 17 (Th17) cells in response to a coccidial infection in chickens and is associated with protective immune responses (Lillehoj and Lillehoj, 2000; Min et al., 2001; Lillehoj et al., 2004) . Interleukin-17 stimulates the production of other cytokines and chemokines such as IL-1β, IL-6, IL-8, granulocyte colony-stimulating factor, granulocyte macrophage colony-stimulating factor, tumor necrosis factor-α, and transforming growth factor-β, which stimulate the production of defensin and the activation and production of neutrophils (Veldhoen et al., 2006; Hong et al., 2008) .
Based on the information referenced, it was of interest to determine the effects of feeding a phytase enzyme to broiler chickens undergoing a more natural coccidiosis challenge on bird performance. Therefore, this study was implemented to evaluate the growth, bone strength, and intestinal cytokine production of birds vaccinated with a live, attenuated coccidiosis vaccine and fed a phytase-supplemented diet containing marginal Ca-nonphytate P (npP) levels.
MATERIALS AND METHODS

Animals
Prior to the main experiment, a total of 120 commercial broiler chicks were placed across 24 floor pens (5 birds/pen) containing fresh pine shavings. The chicks were provided ad libitum access to water and a cornsoybean meal diet (standard diet; Table 1 ). At 10 d of age, all chicks were administered a 1-mL coccidia cocktail via oral gavage. The cocktail comprised Eimeria acervulina and Eimeria tenella with concentrations of approximately 100,000 and 5,000 sporulated oocyst/ mL, respectively. Both Eimeria species had been obtained previously from field isolates, which were maintained in potassium dichromate in the laboratory. Each species was passed through young chicks before preparation of the cocktail to ensure the availability of live sporulated oocysts. Birds remained in the pens through 28 d of age to seed the bedding with coccidia. After birds were removed and killed via carbon dioxide inhalation, the pens remained empty for 3 d.
For the main experiment, 1,008 straight-run commercial broiler chicks were obtained and randomly allocated to 8 treatments (21/pen; 6 repetitions/treatment) in a randomized incomplete block design. All chicks were kept on a 24 h/d light program and had free access to feed and water throughout the trial. Body weights and feed consumption were recorded per pen on d 10, 18, and 21, and the calculated feed conversion was corrected for mortality on a bird day basis. Animal handling procedures during experimentation were in accordance with guidelines of Auburn University's Institutional Animal Care and Use Committee (IACUC).
Treatments
A total of 504 chicks were spray vaccinated on day of hatch with Coccivac-B (Intervet/Schering-Plough Animal Health, Millsboro, DE). Of these, 252 were placed across 12 floor pens containing fresh shavings and the remaining vaccinated chicks were placed on the previously seeded litter. The remaining 504 chicks were not vaccinated and were placed across the remaining 24 floor pens (12 with fresh shavings, 12 with seeded litter).
Two corn-soybean meal diets were formulated to contain marginal (0.35% npP, 0.70% Ca) or standard (0.45% npP, 0.90% Ca) levels of npP and Ca (Table 1 ). The remainder of the diet was formulated to meet or exceed all nutrient requirements set forth by NRC (1994) . The marginal diet was supplemented with 500 phytase units of the phytase enzyme Optiphos (JBS United, Sheridan, IN) according to the manufacturer's recommendations. All diets were pelleted at 79°C, crumbled, and provided from 0 to 21 d of age. To ensure that both the vaccinated and unvaccinated chicks on either fresh or seeded litter received one of each, the diets were equally distributed across the pens.
Collection Methods
At 10 and 18 d of age, 10 birds/treatment were randomly chosen and killed for the collection of intestinal samples. From 5 of these birds, gross lesions attributed to infection with Eimeria were sought and scored in accordance with Johnson and Reid (1970) . Tissue samples were collected from the descending loop of the duodenum and from the center of the cecal tonsil for microscopic scoring. Following collection of the tissue samples, fecal matter was collected from the latter half of the intestine and pooled to enumerate sporulated Eimeria oocysts. These samples were placed in a gyrating water bath for a period of 48 h at 37°C. Following this incubation period, 1 mL of the sample was diluted and placed on a hemocytometer for oocyst enumeration (4 repetitions/treatment). The remaining 5 birds/treatment were killed for tissue collection from the duodenal loop and 1 cecal tonsil for cytokine analysis.
On d 21, 18 birds/treatment were randomly selected for the collection of the left tibia. Tibiae samples were stored in plastic bags and frozen at −20°C until analysis for breaking strength was conducted. Each tibia was assessed in accordance with procedures outlined by Shaw et al. (2010) .
RNA Extraction and cDNA Synthesis
Tissue samples, approximately 100 mg in weight, were collected from the cecal tonsil and duodenal loop and immediately submerged in 1 mL of Tri Reagent (Molecular Research Center Inc., Cincinnati, OH) in a microcentrifuge tube. Approximately 100 mg of 0.5-mm zirconium oxide beads was included in the centrifuge tube and the contents were homogenized at maximum speed for 20 min using a CDX24 Bullet Blender (Next Advance Inc., Averwill Park, NY). The samples were isolated according to the manufacturer's protocol and stored at −80°C. To ensure the samples were free of DNA they were subjected to treatment with Turbo DNA-free (Applied Biosystems/Ambion Inc., Austin, TX). Two microliters of total RNA from each sample was reverse transcribed into cDNA with the use of qScript One-Step SYBR Green qRT-PCR kit for iQ (Quanta Biosciences Inc., Gaithersburg, MD) according to the manufacturer's protocol. 
Quantitative Real-Time PCR
Oligonucleotide primers for the chicken cytokines and β-actin control were designed based on sequences available from public databases or selected from the literature (Table 2) . Primers were first run with lymphocytes stimulated with the lectin protein concavalin A to determine the proper protocol for detection of each cytokine. Protocols for each cytokine evaluated are presented in Table 2 . Amplification and detection were carried out using 5 ng of RNA using the BioRad CFX96 real-time PCR detection system (Bio-Rad Laboratories, Hercules, CA). Samples were run in 96-well plates. The levels of individual transcripts were normalized by those of β-actin using the mean cycle threshold value (C t ) of each [C t (β-actin) − C t (cytokine) ] and expressed as fold change from the control (birds that were fed the standard diet, unvaccinated, and challenged) using the cycle threshold ∆∆Ct analysis. The relative expressions of cytokine genes were determined using the 2 −∆∆Ct method (Livak and Schmittgen, 2001 ).
Statistical Analysis
Performance, coccidiosis, and cytokine data were analyzed using fit least squares of the JMP software (version 5.1.2; SAS Institute, 2005) as a factorial. The ANOVA for all data included the main effects of diet (2), vaccination strategy (2), and challenge strategy (2), as well as any 2-and 3-way interactions that may have occurred between these factors. Analyses of percentages were performed following transformation using arcsine of their square root. The experimental unit for each analysis was pen of birds. The data were assumed to be statistically significant when P < 0.05 and mean values were separated by Tukey's honestly significant difference procedure.
RESULTS
Neither live performance nor tibia strength were affected (P > 0.05) by the main effects of diet or vaccination strategy throughout the experiment (Table 3) . By 21 d of age the Eimeria challenge resulted in a 91-g reduction in BW gain (P < 0.001) and reduced feed intake by 5.3% (P < 0.01) compared with birds that were not challenged. Bone strength was also negatively affected (P < 0.01) by the Eimeria challenge, resulting in a 3.7-kg reduction in bone breaking strength by 21 d of age.
The presence of oocysts was not found to differ (P > 0.05) across treatments on d 10; however, on d 18 vaccinated birds had a lower oocyst count (P < 0.05) compared with unvaccinated birds (Table 4) . Neither dietary treatment nor challenge led to differences (P > 0.05) in the shedding of coccidial oocysts. Regardless of treatment, the gross lesion scores did not differ (P > 0.05) at 10 d of age, though an increase (P < 0.05) was found in the microscopic scores for both E. acervulina and E. tenella ( Table 5 ). Birds that were not supplemented with phytase or not vaccinated had higher microscopic lesion scores for E. tenella (P < 0.01) at 18 d of age. In addition, challenged birds had an increase in the lesion scores for E. tenella, both gross and microscopic, and displayed a trend toward increased number of birds having lesions present under both scoring systems. Initial real-time PCR analyses of IL-4 expression in the duodena and ceca demonstrated that no detectable levels of mRNA for this cytokine were present (data not shown). Intestinal duodenum and cecum levels of IFN-γ mRNA increased at 10 d of age, with gene expression levels decreasing by 18 d of age, although no significant differences (P > 0.05; data not shown) between the main effects were detected at either age.
The IL-17 mRNA expression did not differ in the duodenum or cecum tissues (P > 0.05) at 10 d of age (data not shown). At 18 d of age, gene expression of this cytokine was increased (P < 0.05) in the duodenum of birds that were fed the phytase-supplemented marginal diet, vaccinated, or challenged (Figure 1 ). These differences led to significant interactions (Figure 2) , where IL-17 gene expression was significantly increased (P < 0.05) in challenged birds that were fed the phytase enzyme or were vaccinated. The IL-17 expression was also increased in the cecum of vaccinated birds compared with unvaccinated birds at 18 d of age (P < 0.05), though no differences were detected (P > 0.05) because of diet or challenge strategy. Birds were placed on preseeded litter to mimic natural exposure to Eimeria spp.
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No significant differences between the interactions of main effects were found.
6 NS: P > 0.05. *P < 0.05; **P < 0.01; ***P < 0.001; †P > 0.05 and <0.10.
DISCUSSION
Live Performance
The lack of difference between the phytase supplemented and unsupplemented diets reiterates that addition of the enzyme to a marginal npP diet resulted in the release of P from phytic acid so the bird may utilize it for proper growth and skeletal formation. Furthermore, the data showed that following either natural or vaccinated exposure to Eimeria spp., lowering the level of npP in the diet did not negatively affect live performance values because the presented data did not deviate from the performance values published for this broiler strain (Cobb-Vantress, 2008) . have also published results indicating that phytase supplementation maintained growth expectations in birds infected with coccidia.
Following 10 d of age, growth and feed performance were negatively affected by the coccidiosis infection. These results were expected based on observations made by others (Matthews and Southern, 2000; Watson et al., 2005) . In addition, birds orally challenged with live coccidia were found to have a decreased bone breaking strength as was previously reported in association with an E. acervulina challenge. This correlated with observations by others (Willis and Baker, 1981, Watkins et al., 1989; Ward et al., 1990) . Tibia breaking strength is highly correlated with percentage tibia ash (Wilson and Mason, 1992; Orban et al., 1993) . The decreased bone strength in infected birds in this study provides evidence that decreased absorption of Ca and P is often seen in birds having a coccidiosis infection.
Presence of Coccidiosis
Supplementation of the diet with phytase did not significantly decrease oocyst shedding, but supported an intestinal environment that reduced the average lesion score in the ceca at 18 d of age. Intestinal lesion scores resulting from Eimeria spp. have been reduced in chickens supplemented with dietary enzyme combinations including amylase, xylanase, or protease (Bedford, 2000; Parker et al., 2007) . These reductions have been attributed to a higher production of volatile fatty acids, which reduce the pathogenicity of E. tenella colonization (Apajalahti et al., 2004) . In the present experiment, the decreased dietary Ca-npP in combination with the phytase enzyme may have altered the nutrient substrates available in subsequent portions of the digestive tract, thereby affecting the survivability or extent of damage caused by the Eimeria parasites.
Both gross and microscopic lesion scores across all treatments suggested that there was a low presence of coccidia, which corresponded with the relatively low oocyst counts. In general, the percentage of birds having microscopic lesions was greater than those with gross lesions, though the lesion scores for both methods were comparable. Previous research has found that gross and microscopic lesion scores did not correlate well, and overall microscopic lesion scores were usually higher than gross lesion scores (Idris et al., 1997; Goodwin et al., 1998) . It was shown here that the combination of both methods of scoring provided the best representation for the presence of coccidiosis.
Cytokines
In this study, we investigated cytokine expression in intestinal tissues following vaccination, passive infection, or both, of chickens with E. acervulina and E. tenella. Eimeria acervulina is mainly found in the upper half of the small intestine, especially the duodenal loop, whereas E. tenella inhabits the ceca. Based on visual and microscopic lesions, only these 2 species were determined to be present in the tissue samples analyzed. Therefore, it was assumed that the expression of cytokines was in response to the Eimeria spp. inhabiting that particular tissue section. (unchallenged) or litter seeded with Eimeria acervulina and Eimeria tenella (challenged). The RNA was isolated, reverse transcribed, and subjected to quantitative PCR analysis using the primers in Table 2 . The target gene expression was normalized to β-actin and the averages from 5 chickens/treatment are illustrated. The efficiency of the IL-17 primers used was 98.8% and the fold change has been adjusted appropriately. No significant differences were found between the 3-way interactions of the main effects; however, the data are presented as such for ease of visualizing effects of the treatment combinations. Letters indicate statistical differences (P < 0.05) among the means.
The IL-4 specific primer sets were successful in detecting differences in expression following an Eimeria infection in the past (Abdul-Careem et al., 2006; Hong et al., 2006; Park et al., 2008) . The low levels of exposure to coccidia combined with the collection of RNA from tissue rather than lymphocytes decreased the sensitivity of detecting cytokine expression compared with previous publications. Thus it may be more sensitive to detect IL-4 gene expression in chickens exposed to low doses of coccidia by isolating intestinal lymphocytes.
Our study differed in several aspects from the previously performed study by Hong et al. (2006) . Both studies used sporulated oocysts of E. tenella and E. acervulina. However, we employed a natural Eimeria infection by using infected litter to expose chicks on day of hatch and we isolated tissue sections on d 10 and 18 of age for cytokine analyses, whereas Hong et al. (2006) infected 3-wk-old chickens orally with a set dose and isolated intraepithelial lymphocytes for RNA isolation every day for 10 d postchallenge to perform cytokine analysis. Furthermore, Hong et al. (2006) analyzed pooled samples whereas we analyzed individual chickens, which contributes to much greater standard deviations, making it harder to detect significant differences. Hong et al. (2006) detected increased IL-17 as early as d 1 post E. acervulina infection, a peak 2020-fold increase on d 5 postinfection, and levels still highly increased by d 10 postinfection. There was a peak 3-fold increase in IL-17 expression to E. tenella (Hong et al., 2006) 10 d after challenge, with little increased expression before that. The increase in IL-17 expression in our study at 10 d of age (10 d postchallenge) was not as high as that reported by Hong et al. (2006) for E. acervulina but was slightly higher for E. tenella, although they did not significantly differ from control chickens. The IFN-γ levels in the study by Hong et al. (2006) increased around d 3 to 4 postinfection, peaked around d 7, and were still increased on d 10 for both E. acervulina and E. tenella. No significant increase of IFN-γ was observed in our study. Based on the differences in experimental design with Hong et al. (2006) , our findings are not unexpected. By 18 d of age, birds in our study that were vaccinated or challenged had significantly higher IL-17 expression compared with controls in response to E. acervulina in the duodenum. These led to significant interactions between challenged birds that were fed the marginal diet or were vaccinated. The data indicate that the decreased Ca-npP in combination with a phytase enzyme led to an increased inflammatory response in birds exposed to E. acervulina, which correlated with reduced pathology. It can be speculated that increased cytokine expression correlates with an increased ability of the host to protect against parasite-induced pathogenicity.
In addition, birds that were exposed to the Eimeria spp. via vaccination and litter challenge had a significantly greater IL-17 response as a result of the E. acervulina present in the duodenum compared with birds exposed via only one route. This result was not unexpected because the combination of vaccination and challenge provided the maximum potential for the Eimeria to colonize the intestinal tract and to initiate a greater immune response. Similar results were also seen in response to E. tenella at the same time point, where IL-17 gene expression was significantly upregulated in vaccinated birds when compared with unvaccinated birds. Increased levels of IL-17 were associated with decreased oocyst shedding and lesion scores, indicating that IL-17 production is associated with increased protection against Eimeria. Future experiments will define the exact role of IL-17 in this process.
Conclusions
This study confirmed that phytase supplementation improved live and skeletal performance when dietary Ca and npP were adjusted accordingly. Coccidiosis led to reductions in performance and decreased absorption of Ca and P, resulting in decreased bone strength. Vaccination at hatch alleviated these problems in addition to decreasing the incidence of coccidiosis. Both IFN-γ and IL-17 gene expression levels were increased by 10 d Table 2 . Letters indicate statistical differences (P < 0.05) among the means.
following exposure to Eimeria spp., with levels of each cytokine decreasing by 18 d postexposure. Though an IFN-γ response was observed, it was not significantly affected by the main effects tested in this study. However, increased IL-17 levels correlated with decreased pathogenicity of the Eimeria spp. by 18 d of age.
